A previously uncharacterized Saccharomyces cerevisiae gene, FAL1, was found by sequence comparison as a homolog of the eukaryotic translation initiation factor 4A (eIF4A). Fal1p has 55% identity and 73% similarity on the amino acid level to yeast eIF4A, the prototype of ATP-dependent RNA helicases of the DEAD-box protein family. Although clearly grouped in the eIF4A subfamily, the essential Fal1p displays a different subcellular function and localization. An HA epitope-tagged Fal1p is localized predominantly in the nucleolus. Polysome analyses in a temperature-sensitive fal1-1 mutant and a Fal1p-depleted strain reveal a decrease in the number of 40S ribosomal subunits. Furthermore, these strains are hypersensitive to the aminoglycoside antibiotics paromomycin and neomycin. Pulse-chase labeling of pre-rRNA and steady-state-level analysis of pre-rRNAs and mature rRNAs by Northern hybridization and primer extension in the Fal1p-depleted strain show that Fal1p is required for pre-rRNA processing at sites A 0 , A 1 , and A 2 . Consequently, depletion of Fal1p leads to decreased 18S rRNA levels and to an overall deficit in 40S ribosomal subunits. Together, these results implicate Fal1p in the 18S rRNA maturation pathway rather than in translation initiation.
Proteins belonging to the DEAD-box family originate from a wide range of organisms from bacteria to humans (41, 61) . They are involved in a variety of RNA metabolic processes, including translation initiation (51) , pre-mRNA splicing (82) , pre-rRNA processing (76) , and RNA degradation (27) . For some of these proteins, an ATP-dependent RNA helicase activity has been observed (24, 38, 57) , but most are regarded as putative ATP-dependent RNA helicases. The family is characterized by a core region of around 300 to 350 amino acids that show strong homology to the translation initiation factor eIF4A, the prototype of the DEAD-box family proteins. The core region consists of eight motifs with strong sequence conservation, which classify the DEAD-box proteins in the superfamily II of nucleoside triphosphatases (22, 33) . Until now, biochemical properties could be attributed to only four of the eight conserved motifs, as established for the mammalian translation initiation factor eIF4A: the ATPase A motif (AX 4 GKT) is responsible for initial ATP binding; the ATPase B region (DEAD) is involved in ATP hydrolysis and couples ATP hydrolysis to helicase activity; the SAT region is important for RNA unwinding; and the HRIGRXXR region is involved in ATP hydrolysis-dependent RNA binding (50, 52) . Sequence divergence within the DEAD box gives rise to the DEAH and the DEXH subgroups, which are more heterogeneous with respect to both sequence and biochemical function (18) . Moreover, individual members of the family have distinct amino-and carboxy-terminal regions that vary in length (61) . These additional regions and differences within the core region may confer substrate specificity, direct the protein to its subcellular localization, include RNA binding motifs, or bind to accessory proteins, which could by themselves carry out the aforementioned functions.
The RNA binding and bidirectional RNA helicase activity of eIF4A is stimulated by eIF4B (45, 57) . During translation initiation, these two proteins are thought to remove secondary structures in the 5Ј untranslated region of mRNAs. Such secondary structures impede 40S ribosome binding and movement (scanning process) (34) . Thus, an RNA helicase activity is likely to be needed for translation initiation. Other DEADbox proteins have not yet been biochemically studied to the same extent as eIF4A, and for most of them no ATP-dependent RNA helicase activity has been found. This could be because different DEAD-box proteins require specific substrates and/or accessory proteins to fulfill their duty. For other DEAD-box family proteins, an RNA-dependent ATPase activity has been found (19, 31, 64) . Such an RNA-dependent ATPase activity may require a specific RNA, as shown for the Escherichia coli DbpA protein (19) . Thus, most of the putative RNA helicases could exert their in vivo function by modulating the structure of an RNA and thereby regulating its function or its accessibility. Yeast pre-rRNA processing involves a large number of trans-acting factors that are required for the proper maturation and assembly of the highly structured pre-rRNAs with proteins to form the ribosomal subunits (76) . Even though putative RNA helicases have been reported to play a major role in this complex process, little is known about their precise involvement. The DEAD-box proteins Dbp4p, Rok1p, and Rrp3p are required for 18S rRNA processing (39, 49, 73) , while Dbp3p, Drs1p, and Spb4p assist in the 25S rRNA maturation (55, 59, 83) . A helicase activity could render the highly structured pre-rRNAs accessible for the endo-and exonucleolytic cleavage steps by local unwinding of RNA structures. Also, this activity could be required for the proper interaction of the pre-rRNA with small nucleolar RNAs (snoRNA), small nucleolar ribonucleoprotein particles (snoRNP), and ribosomal proteins during pre-rRNA processing and ribosomal subunit assembly (69, 76) .
Here, we describe the isolation and functional analysis of the Fal1 (eIF4A-like) protein, which is the protein most closely related to the yeast translation initiation factor 4A (Tif1/2p) in the entire Saccharomyces cerevisiae genome. Fal1p is part of RNA was transferred to Hybond-N ϩ nylon membranes (Amersham) by capillary blotting. After being baked for 2 h at 80°C, the membranes were sprayed with EN 3 HANCE (Du Pont), dried, and exposed to X-ray films for 4 days at Ϫ80°C with an intensifying screen.
Northern and primer extension analysis. Steady-state levels of pre-rRNAs were assessed by Northern and primer extension analyses. Oligonucleotides (numbered from 1 to 9 according to the scheme in Fig. 6A ) 5ЈA 0 (5ЈGGT CTC TCT GCT GCC GG3Ј), 18S (5ЈCAT GGC TTA ATC TTT GAG AC3Ј), D/A 2 (5ЈCGG TTT TAA TTG TCC TA3Ј), A 2 /A 3 (5ЈTGT TAC CTC TGG GCC C3Ј), A 3 /B 1 (5ЈAAT TTC CAG TTA CGA AAA TTC TTG3Ј), 5.8S (5ЈTTT CGC TGC GTT CTT CAT C3Ј), E/C 2 (5ЈGGC CAG CAA TTT CAA GTT A3Ј), C 1 /C 2 (5ЈGAA CAT TGT TCG CCT AGA3Ј), and 25S (5ЈCTC CGC TTA TTG ATA TGC3Ј) were end labeled with 30 Ci of [␥-32 P]ATP (Amersham; specific activity, 5,000 Ci/mmol) by using T4 polynucleotide kinase (Appligene). Total RNA was extracted as above, and 5 g was loaded and resolved on 1.2% agarose-formaldehyde gels. After the RNA was transferred to and immobilized on nylon membranes as above, it was stained with 0.02% (wt/vol) methylene blue in a 0.3 M sodium acetate (pH 5.5) solution. Prehybridization and hybridization were done in Church buffer (10) . Washes were done in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5% sodium dodecyl sulfate and in 0.1ϫ SSC-0.5% sodium dodecyl sulfate, and the membranes were exposed to X-ray films at Ϫ80°C with an intensifying screen. Low-molecular-weight RNAs were analyzed in 7% polyacrylamide-8 M urea gels by the method of Venema et al. (75) . To assess the steady-state levels of snoRNAs, the following oligonucleotides were used: U3 (5ЈTTC GGT TTC TCA CTC TGG GGT AC3Ј), U14 (5ЈGGA ACC AGT CTT TCA TCA CC3Ј), snR10 (5ЈCCT TGC AAC GGT CCT CAT CCG GG3Ј), and snR30 (5ЈGAA GCG CCA TCT AGA TG3Ј).
Primer extension was done by the method of Venema and Tollervey (77) . Oligonucleotides 2 and 7 were used as primers. To identify the positions of the primer extension stops, rDNA (the rDNA was PCR amplified from genomic DNA of W303 and cloned into pUC19) dideoxy sequencing reactions, generated with the above oligonucleotides, were run in parallel. Avian myeloblastosis virus reverse transcriptase and RNAguard were purchased from Pharmacia.
Miscellaneous. DNA manipulations were done by the method of Sambrook et al. (60) with E. coli DH10B for subcloning and amplification of plasmid DNA. For dideoxy sequencing, a T7 sequencing kit (Pharmacia) was used. DNA sequence comparisons were performed at the Saccharomyces Genome Database (Stanford) and at the National Center for Biotechnology Information. The Genetics Computer Group program from the Wisconsin package (version 8.1) was used for dendrogram analysis (PILEUP) and gap alignment (GAP). Phylogenetic trees were generated by the CLUSTAL W program (68) . For prediction of the pI and the subcellular localization of proteins, the SwissProt program package was used (3). Crude yeast cell extracts were prepared and analyzed by Western blotting by standard procedures (4, 60) . Monoclonal 16B12 and goat anti-mouse alkaline phosphatase-conjugated antibodies (Bio-Rad) were used as primary and secondary antibodies, respectively.
RESULTS
The eIF4A homolog Fal1p is essential for vegetative growth. With the release of the S. cerevisiae genome sequence, we performed a database search for homologs of eIF4A. This factor is encoded in yeast by the essential and duplicated TIF1/2 genes (42) . The most homologous ORF found (ORF YDR021W, chrIV; accession number Z49770) has 55% identity and 73% similarity to Tif1/2p on the amino acid level and has therefore been named FAL1 (eIF4A-like).
The sequence alignment showed that all the characteristic DEAD-box protein motifs were conserved and that the homology regions extended throughout the two proteins ( Fig. 1A ). Dendrogram analysis of DEAD-box proteins with the PILEUP program established Fal1p as a member of the eIF4A subfamily ( Fig. 1B) . A phylogenetic tree generated with the CLUSTAL W program, by aligning only the core regions (from the A-motif to the HRIGR-motif), resulted in a similar and clear-cut (bootstrap value of 100) cogrouping of Fal1p and the eIF4A family of DEAD-box proteins (data not shown). In addition, the two proteins have similar lengths, with Fal1p being only 4 amino acids longer than Tif1/2p (399 versus 395 amino acids). Other non-eIF4A DEAD-box proteins have either N-or C-terminal extensions. Moreover, Fal1p was only VOL. 17, 1997 Fal1p IS INVOLVED IN 18S rRNA MATURATION 7285 on February 8, 2020 by guest http://mcb.asm.org/ slightly less identical to human, mouse, or Schizosaccharomyces pombe eIF4A than was Tif1/2p. However, further predictive data suggested that the two proteins might not be as similar as judged by the sequence homology. First, Fal1p has a much lower codon adaptation index (0.17 versus 0.75) and is therefore expected to have a lower expression level than Tif1/2p (65) . Second, the calculated pIs differed dramatically, with Fal1p being basic (9.09) and Tif1/2p being acidic (5.02). Nevertheless, they have the same predicted cytoplasmic localization (SwissProt, Psort program) (3). Taken together, these data made us address whether Fal1p was a functional homolog of Tif1/2p, carrying out a similar role in translation initiation, or a protein involved in another RNA metabolic process, despite the substantial structural homology.
For this purpose, a fal1 null allele was constructed. The entire FAL1 ORF was replaced by either the kanMX4 or the HIS3MX6 marker modules. To this end, the LFH2-PCR products (see Materials and Methods) were used to directly transform the diploid strains W303 and FY1679. Correct integration at the genomic locus was verified by both analytical PCR and Southern blotting (data not shown). Subsequent tetrad analysis showed a 2:2 segregation of viable to nonviable spores, with all the viable progeny being FAL1 and G418 sensitive or auxotrophic for histidine. The spores disrupted for fal1 in the two different genetic backgrounds germinated, but cell division stopped after three to five generations.
The cognate FAL1 ORF was cloned into pRS416 by gap repair and was shown to complement its null allele after transformation of the FAL1/fal1::HIS3MX6 heterozygote (YDK2) with pRS416-FAL1 and subsequent sporulation and tetrad analysis [YDK2-6B(pRS416-FAL1) ( Fig. 2) ]. Furthermore, FAL1 was required for vegetative growth as judged by the nongrowth of YDK2-6B (pRS416-FAL1) on 5-FOA-containing plates (data not shown). These results indicate that Fal1p is essential for cell viability.
Mutations in FAL1 or in vivo depletion of Fal1p lead to a 40S-ribosomal-subunit deficiency. To further analyze the essential Fal1p function, two conditional systems for phenotypic analysis were established. First, temperature-sensitive fal1 alleles were generated by random PCR mutagenesis (see Materials and Methods). Two mutant alleles, fal1-1 and fal1-3, were obtained, and both displayed a slow-growth phenotype at 37°C, with fal1-1 being the more severely affected allele ( Fig. 2 for fal1-1; data not shown for fal1-3). The DNA sequences of wild-type FAL1 (no changes to the released sequence) and fal1-1 were determined. The nucleotide changes within the fal1-1 allele and the corresponding predicted amino acid changes within Fal1-1p were as follows: T254C (Ile85Thr), A431G (Gln144Arg), T731C (Val244Ala), and T737C (Val246Ala). All these changes were within conserved amino acids between Fal1p and Tif1/2p. No systematic attempt has been made to determine whether all the predicted amino acid changes contribute to the temperature-sensitive phenotype.
Genetic evidence suggested that Fal1p and Tif1/2p did not have a common function in translation initiation. TIF1 was not able to complement the fal1 null or to suppress the fal1-1 mutant when overexpressed. The S. cerevisiae eIF4B-gene (STM1/TIF3), a multicopy suppressor of a tif1-1 mutant (11), failed to suppress fal1-1 as well. Moreover, no synthetic lethality was observed for a ⌬stm1 fal1-1 strain, whereas ⌬stm1 and tif1-1 are synthetically lethal (12) . Finally, FAL1 on a 2m plasmid did not complement the tif1/2 double null or suppress the tif1-1 mutant.
Polysome analyses were performed to test whether Fal1p was implicated in translation. The two mutant strains ( Fig. 3C for fal1-1, data not shown for fal1-3) had strongly aberrant profiles, but they were different from a classical translation initiation defect (as shown for tif1-1 in Fig. 3B ). In the fal1-1 mutant, in contrast to the wild-type strain, the levels of free 40S subunits were decreased whereas the free 60S pool increased. This subunit imbalance was even more pronounced after shift-
, and YDK2-6B(pAS24-FAL1) (GAL::FAL1) were grown for 4 days at 30 or 37°C on YPD plates. 
was grown at 30°C and shifted for 4 h to 37°C. Cells were grown in YPD and harvested at an OD 600 of 0.8. Cell extracts were resolved in 7 to 50% sucrose gradients. The peaks of free 40S and 60S ribosomal subunits, 80S monosomes, and polysomes are indicated.
ing the fal1-1 culture to 37°C for 4 h before preparing the crude cell extracts (Fig. 3D ). In addition, the polysome content was lower at 37°C than at 30°C, probably accounting for the enhanced slow-growth phenotype. This 40S-ribosomal-subunit deficit was confirmed by quantification of total ribosomal subunits in polysome runoff and low-Mg 2ϩ cell extracts. An A 254 60S-to-40S ratio of around 2 was observed for the wild-type strain at both 30 and 37°C; however, in the fal1-1 mutant, this ratio increased to around 3 at 30°C and to more than 4 when fal1-1 was shifted for 4 h to 37°C. Thus, polysome analysis indicated that Fal1p is implicated in 40S-ribosomal-subunit metabolism.
To confirm the 40S subunit deficiency, a different conditional system was established. The FAL1 ORF was cloned under the control of the inducible GAL1-10 promoter and HA tagged at its N terminus. This plasmid construct, pAS24-FAL1, complemented the fal1 null (YDK2-6B) on galactose medium to the wild-type extent and resulted in a slow-growth phenotype on glucose medium at 30°C (Fig. 2) . After YDK2-6B(pAS24-FAL1) was shifted from YPGal to YPD medium, the growth rate remained similar to that of a wild-type strain for the first 12 h, but then progressively decreased until a doubling time of 5 h was reached. Concomitant with the decrease in growth rate after 12 h in YPD medium, the cells started to be depleted for HA-Fal1p, as detected by Western blotting (Fig. 4A ). When polysomes were analyzed after different time points, the same aberrant profiles were obtained with ongoing HA-Fal1p depletion as for the fal1-1 mutant ( Fig.  4B to D). Quantification of total ribosomal subunits showed a severe imbalance, which increased the A 254 60S-to-40S ratio to more than 6 for the 24-h depletion time point. These results indicated that mutations in FAL1 and depletion of Fal1p lead to a similar 40S subunit deficit.
The fal1-1 mutant and the Fal1p-depleted strain are hypersensitive to the aminoglycoside antibiotics paromomycin and neomycin. As the ribosomal subunits were imbalanced in the fal1-1 mutant and in the Fal1p-depleted strain, we further characterized the 40S-subunit-defect phenotype by testing the sensitivity of these strains to different drugs known to interfere with protein synthesis: cycloheximide, paromomycin, and neomycin. The strains were grown overnight in YPD liquid medium and spotted in dilution series onto YPD plates containing different concentrations of the above-mentioned antibiotics. As a control, YPD plates without antibiotics were used. Table 1 summarizes the results obtained. At the optimal drug concentrations, the wild-type strain was unaffected whereas the translation initiation factor mutants tif1-1 (SS13-3A) and ⌬stm1 (RCB1-1A) were sensitive to paromomycin and cycloheximide. However, both the fal1-1 mutant and the Fal1pdepleted strain were hypersensitive to paromomycin and neomycin, but their growth was not affected by cycloheximide. These results are consistent with a role of Fal1p in 40S-ribosomal-subunit production (see Discussion).
Fal1p localizes to the nucleolus. To distinguish between a cytoplasmic 40S-ribosomal-subunit defect and a nucleolar function of Fal1p in 40S-ribosomal-subunit biogenesis, the subcellular localization of Fal1p was analyzed by indirect immunofluorescence. For this purpose, FAL1 was HA tagged at its N terminus by fusion PCR and cloned into pRS415 to express the epitope-tagged Fal1p from its cognate promoter at approximately wild-type levels (see Materials and Methods). This plasmid (pRS415-HA-FAL1) and a control plasmid (pRS415-FAL1), containing the untagged FAL1 gene, were transformed into the strain YDK2-6B(pRS416-FAL1). Upon plasmid shuffling and subsequent restreaking on YPD, the Fal1 fusion protein complemented the fal1 null allele to the wild-type extent at all temperatures tested (16, 30, and 37°C) . In addition, Western analysis with an anti-HA antibody detected a single protein with the expected molecular mass of 45 kDa in a total-cell extract from a strain expressing the HA-tagged Fal1p [YDK2-6B(pRS415-HA-FAL1)] but not from a strain expressing the untagged Fal1p [YDK2-6B(pRS415-FAL1)] (data not shown). Then the two strains were grown in YPD to an OD 600 of around 0.5, and the cells were processed for immunofluorescence. The HA-tagged protein was detected with anti-HA antibodies followed by decoration with goat antimouse rhodamine-conjugated antibodies (Fig. 5B ). As controls, the nucleus was visualized by staining DNA with DAPI ( Fig. 5C ) and the nucleolus was visualized by the Nop1p signal, using anti-Nop1p in combination with fluorescien-conjugated antibodies (Fig. 5A) . The fluorescence micrographs demonstrate that HA-Fal1p localizes to the nucleus (Fig. 5B) , where it colocalizes with Nop1p in the nucleolus (Fig. 5D , overlap in yellow), and with chromatin DNA in the nucleoplasma ( 
GAL::FAL1 ϩ ϪϪ ϪϪ ϩ a Strains were spotted in three different dilutions on the different media, and growth was scored after 3 days at 30°C. ϩ, normal growth; ϩ/Ϫ, weak sensitivity; Ϫ, sensitivity; ϪϪ, hypersensitivity. Normal growth is defined for each strain as its growth rate on YPD. Abbreviations: YPD, rich medium containing no drugs; Par, YPD medium containing 2 mg of paromomycin per ml; Neo, YPD medium containing 5 mg of neomycin per ml; Cyh, YPD medium containing 0.1 g of cycloheximide per ml. 5E, overlap in magenta). In contrast to Nop1p, HA-Fal1p was not restricted to the nucleolus (Fig. 5D , HA-Fal1p in red and marked with arrows) and also distributed to the nucleoplasma. In a significant number of cells, HA-Fal1p was not distributed throughout the entire nucleoplasma; hence, there were DAPIstained areas where HA-Fal1p was not present (Fig. 5E , chromatin in blue and marked with arrows). However, the polarized distribution of HA-Fal1p within the nucleus was less pronounced than that of Nop1p, which often revealed the typical crescent or cap-like staining pattern of nucleolar proteins ( Fig. 5A) and was mostly excluded from the DAPIstained area (Fig. 5F , Nop1p in green and marked with arrows). Neither the nucleoplasmic nor the nucleolar Fal1p staining was present when YDK2-6B(pRS415-FAL1) was used for immunofluorescence (data not shown). The predominant localization of HA-Fal1p in the nucleolus, the specialized compartment for ribosome biosynthesis (44) , indicated that Fal1p might be directly implicated in the biogenesis of 40S ribosomal subunits.
18S rRNA formation is impaired in the conditional fal1 null strain. To study in more detail the involvement of Fal1p in 40S-ribosomal-subunit biogenesis, we analyzed the effects of Fal1p depletion on processing of pre-rRNA. In yeast, the rDNA operon is transcribed by the RNA polymerase I complex as a 35S precursor rRNA (Fig. 6A) , which is processed into the mature 18S, 5.8S, and 25S rRNAs (reviewed in reference 76). Transcription, rRNA processing and modification, and ribosomal subunit assembly take place in the nucleolus (44) . The 18S rRNA assembles into the 40S ribosomal subunit, whereas the 5.8S and the 25S rRNA (together with the RNA polymerase III-transcribed 5S rRNA) are part of the 60S subunits. The newly transcribed pre-rRNA undergoes different modifications including methylation of some of the nucleotides (32) . The 60S subunit is completely matured within the nucleolus, whereas the final maturation of the 40S particle, including the processing of 20S to 18S rRNA, is completed in the cytoplasm (72, 76, 85) . In the present model of the pre-rRNA processing pathway, the 35S pre-rRNA is cleaved to a 33S and then to a 32S pre-rRNA. The next cleavage generates the 20S pre-rRNA, which will give rise to the 18S rRNA and the 27SA 2 pre-rRNA, which will be further processed to yield the 5.8S and the 25S rRNA (Fig. 6B) .
To first investigate pre-rRNA processing, [methyl-3 H]methionine pulse-chase labeling experiments were carried out. For this purpose, YDK2-6B(pAS24-FAL1) and the wild-type control strain YDK2-6B(pRS415-FAL1) were grown as logarithmic cultures in YPGal, then for 18 h in YPD, and finally for another 12 h in SD medium lacking methionine until an OD 600 of around 1 was achieved. At this time point, the Fal1p-depleted culture was doubling every 5 h, compared to every 2 h for the wild-type strain. The cells were pulse-labeled for 1 min and then chased for 2, 5, and 15 min with an excess of cold methionine. Comparison of the kinetics of pre-rRNA processing in the wild-type and the Fal1p-depleted strains revealed that processing of the 35S precursor is delayed in the Fal1pdepleted strain and that it is processed to a 27S pre-rRNA, an aberrant 23S rRNA species, and barely to the 20S precursor of the mature 18S rRNA (Fig. 7) . However, processing of 27S to 25S seems not to be affected. Thus, impaired formation of the 20S pre-rRNA leads to a net decrease and delay in 18S rRNA production in the Fal1p-depleted strain.
To define the pre-rRNA processing steps that are affected upon Fal1p depletion, steady-state levels of pre-rRNAs were determined by Northern and primer extension analyses. Different oligonucleotides hybridizing to defined regions of the 35S pre-rRNA transcript were used to monitor specific processing intermediates in the GAL::FAL1 strain (Fig. 6A ). As seen in Fig. 8A , depletion of Fal1p resulted in a decrease in 18S rRNA compared to 25S rRNA steady-state levels. During probing with oligonucleotide 1 (Fig. 8B) , hybridizing 5Ј of the A 0 site, the GAL::FAL1 strain accumulated, with ongoing depletion of Fal1p, the 35S pre-rRNA, and a 23S aberrant processing product. The accumulation of the 35S precursor was detected with all the other precursor-specific probes used. The aberrant product could also be detected with oligonucleotides 3 (Fig. 8C) and 4 (Fig. 8D ) but not with oligonucleotide 5 (Fig.  8E) , indicating that this rRNA molecule might extend from the 5Ј end of the 5Ј external transcribed spacer (ETS) to the A 3 site levels of the 27SB intermediates were similar in wild-type and Fal1p-depleted cells, as observed when probing with the ITS2specific oligonucleotides 7 (Fig. 8F ) and 8 (data not shown). Moreover, when RNA samples were separated on acrylamide gels and subjected to Northern analysis with oligonucleotides 6 and 7, no differences in 7S and 5.8S rRNA levels were observed between wild-type and Fal1p-depleted cells. This Northern analysis data strongly implicated Fal1p as being essential for the early cleavage steps at sites A 0 to A 2 . Normal steady-state levels of the snoRNAs U3, U14, snR10, and snR30, whose conditional mutants also display an A 0 -to-A 2 processing block (26, 37, 47, 70) , strengthened a direct involvement of Fal1p in pre-rRNA processing (data not shown). In addition, no ACT1 pre-mRNA splicing defect could be detected in the fal1-1 mutant or the Fal1p-depleted strain (data not shown).
Because Northern hybridization poorly detects the 33S or 27SA 3 pre-rRNAs and does not distinguish between the 27SB L and 27SB S precursors, we assessed pre-rRNA and mature rRNA levels by primer extension. First, we confirmed that Fal1p depletion led to a net decrease in mature 18S rRNA levels, as shown by the primer extension stop at site A 1 (Fig.  9B) . Moreover, the signal of the primer extension stop at site A 0 was significantly reduced (Fig. 9A ). This delay in processing at site A 0 , indicative of lower 33S pre-rRNA levels, is in agreement with the previous detection of the aberrant 23S species by Northern hybridization. Accordingly, the level of 27SA 2 , shown by the primer extension stop at site A 2 , is strongly reduced (Fig. 9C) . Furthermore, the levels of 27SA 3 , 27SB L , and 27SB S , as shown by the primer extension stops at sites A 3 , B 1L , and B 1S , respectively, were similar to the wild-type situation (Fig. 9C ). Finally, processing at all sites tested was correct at the nucleotide level during the time course of Fal1p depletion.
Altogether, these results indicate that Fal1p is required for the early pre-rRNA processing steps (A 0 to A 2 ) leading to the formation of the mature 18S rRNA. This interpretation is consistent with the other experimental findings, such as the aberrant polysome profiles (excess of free 60S over 40S subunits) and the sensitivity to aminoglycoside antibiotics in fal1affected strains, as well as the predominantly nucleolar localization of the HA-Fal1p.
DISCUSSION
To learn more about the function of yeast eIF4A in translation initiation in particular and of DEAD-box proteins in general, we performed a systematic database search for proteins homologous to Tif1/2p. By this approach, one previously uncharacterized protein was found with 55% identity and 73% similarity to Tif1/2p, and we have named the corresponding gene FAL1. Gene disruption showed the FAL1 gene to be essential for cell viability. Since a double disruption of TIF1/2 is lethal, it was quite unlikely that Fal1p would carry out a redundant translation initiation function. Indeed, genetic analyses strongly suggested that Fal1p is not involved in translation initiation.
Several experimental findings indicate that Fal1p plays a role in 40S-ribosomal-subunit biogenesis.
(i) Polysome analysis and total ribosomal subunit quantification in both a fal1-1 strain and a conditional fal1 null strain reveal, rather than an accumulation of free 80S ribosomes, as observed for translation initiation mutants (5, 11) , a ribosomal subunit imbalance leading to an excess of free 60S over free 40S. Such profiles have been described for mutants with mutations in 40S ribosomal proteins (2, 16) and for genes implicated in 40S-ribosomal-subunit biogenesis (14, 36) .
(ii) Both the fal1-1 and the conditional fal1 null strain are hypersensitive to paromomycin and neomycin, but their growth is not affected by cycloheximide. Sensitivity to paromomycin and other aminoglycoside antibiotics has been observed for the nsr1 null allele (36) and some rps18a and rps18b mutants (16) . Nsr1p is required for 18S rRNA maturation and the proper maintenance of steady-state levels of 40S ribosomal subunits. RPS18A and RPS18B are duplicated genes encoding the 40Sribosomal-subunit protein S18. Paromomycin is known to be an efficient suppressor of nonsense or missense mutations in E. coli and yeast. Defined mutations within the 18S rRNA exhibit an antisuppressor effect and confer increased resistance to paromomycin, and one of these mutations leads also to neomycin sensitivity (9) . These data suggest that the 18S rRNA, in the context of the 40S ribosomal subunit, is the target of the antibiotics paromomycin and neomycin. On the other hand, a specific mutation in the 60S-ribosomal-subunit protein L29 confers resistance to cycloheximide (17) . Thus, it is not surprising that only the aminoglycoside antibiotics lead to a synthetic enhancement in fal1 affected strains.
(iii) In agreement with a role of Fal1p in 40S-ribosomalsubunit biogenesis, we could localize the N-terminally HAtagged Fal1p predominantly, but not exclusively, in the yeast nucleolus. Although, we cannot exclude that Fal1p could have an additional, non-pre-rRNA-processing nuclear function, similar localization patterns have been previously observed for other proteins involved in pre-rRNA processing (58, 73) . However, weak overexpression of HA-Fal1p from the CEN-plasmid construct or partial loss of function due to tagging might also account for the nonexclusive nucleolar localization. Interestingly, Fal1p is predicted to be cytoplasmic, and it lacks a consensus nuclear localization signal. This finding may indicate that Fal1p carries an as yet unknown signal sequence for nu-FIG. 7. Fal1p is required for the maturation of 18S rRNA. Cells were grown in SD medium without methionine, pulse-labeled for 1 min with [methyl-3 H]methionine, and then chased for 2, 5, and 15 min with an excess of unlabeled methionine. The wild-type control strain YDK2-6B(pRS415-FAL1) and strain YDK2-6B(pAS24-FAL1) were grown at 30°C in YPGal and then shifted to glucose-containing medium for 30 h before the pulse-labeling. A total of 20,000 cpm was loaded in each lane. The positions of the different pre-rRNAs and mature rRNAs are indicated. clear targeting or that it is imported into the nucleus by binding to a nuclear-targeted protein in the cytoplasm.
(iv) Finally, our results indicate that Fal1p plays a role in 18S rRNA maturation. Pulse-chase labeling of rRNA with [methyl-3 H]methionine in both the fal1-1 mutant (data not shown) and the conditional fal1 null strain (Fig. 7) confirmed the ribosomal subunit imbalance at the level of the ratio between matured 25S to 18S rRNA. Furthermore, this metabolic labeling showed that the processing from 20S to 18S rRNA was not affected but that there was already a depletion of the 20S pre-rRNA species. Such a processing defect, leading to decreased amounts of 20S and 18S rRNA, has been previously observed for other mutant strains. These strains are conditional for snoRNAs (U3, U14, snR30, and snR10) (26, 37, 47, 70) , some nucleolar proteins (Gar1p, Sof1p, Dim1p, Nop1p, and Rrp5p) (21, 28, 35, 71, 77) , and two putative ATP-dependent RNA helicases (Rrp3p and Rok1p) (49, 73) .
To confirm the 18S rRNA processing defect and to rule out an 18S rRNA methylation deficiency, we investigated the pre-rRNA steady-state levels by Northern and primer extension analyses. According to the current model (Fig. 6B ), the early cleavages at the processing sites A 0 , A 1 , and A 2 are endonucleolytic, concomitant, but not obligatorily coupled, and they are carried out in a large snoRNP complex comprising the aforementioned snoRNAs and nucleolar proteins (76) . Cleavage at site A 0 can be carried out in vitro by Rnt1p, an RNase III-like endonuclease (1), suggesting that, at least for the A 0 cleavage, the snoRNP complex plays only an accessory role rather than a catalytic one. A defect in the A 0 -to-A 2 cleavages, with a correct A 3 cleavage, will lead to an accumulation of an aberrant pre-rRNA species, designated 23S (76), and to a normal 27SA 3 precursor, which can be subsequently processed to the mature 5.8S and 25S rRNAs. However, the aberrant 23S intermediate cannot be processed to the mature 18S rRNA. Consequently, the early processing defects will lead to a depletion of the 20S and 18S rRNA species while 5.8S and 25S rRNA processing remain unaffected.
Northern hybridizations showed that Fal1p depletion had all the characteristics of a specific A 0 -to-A 2 processing-site inhibition: accumulation of the 35S pre-rRNA and the aberrant 23S dead-end product and depletion of the 32S, 27SA 2 , 20S, and 18S rRNA species. Furthermore, Fal1p is not simply required for the synthesis or the stability of snoRNAs, which are important for proper A 0 -to-A 2 processing, since the steadystate levels of U3, U14, snR30, and snR10 were not affected by the Fal1p depletion.
Primer extension experiments confirmed the Northern hybridization results and additionally indicated that the 33S pre- rRNA steady-state levels were also decreased, as shown by the primer extension stop at site A 0 . Processing at the A 0 site seems to be significantly inhibited but not as strongly as cleavage at the sites A 1 and A 2 . Still, inhibition of processing at the A 0 site upon depletion of Fal1p is more pronounced than upon depletion of Rok1p (73), Rrp5p (77), Gar1p, U14, snR30, and snR10 (6), but it is not as drastic as that found upon mutation or depletion of Rnt1p (1), U3 (26) , and the U3-snoRNPcomplex components Nop1p and Sof1p (6) . However, accumulation of the 35S pre-rRNA and the aberrant 23S rRNA species in the Fal1p-depleted strain, as shown by Northern hybridization, indicates that cleavage at the site A 0 is significantly inhibited. In contrast, genetic depletion of Dim1p, an 18S rRNA dimethylase that is required solely for the processing at sites A 1 and A 2 (35) , or certain cis mutations around the A 1 site (74) lead to an accumulation of the 33S pre-rRNA and a different, aberrant rRNA species, termed 22S, that extends from the A 0 site to the A 3 site.
By incorporating all the experimental evidence, we propose that Fal1p, a putative ATP-dependent RNA helicase, is involved in the maturation of the 18S rRNA by assisting in the processing at cleavage sites A 0 , A 1 , and A 2 . Considering its presumed RNA helicase activity, a Fal1p-dependent, localized unwinding activity at the A 0 to A 2 cleavage sites may be required for the endonucleolytic processing reactions at these sites. There is evidence that such an RNA modulation model is reasonable. For example, the E. coli RhlB protein, a member of the DEAD-box family, was found within the RNA degradosome that contains both the endonucleolytic cleavage activity of RNase E and the 3Ј-to-5Ј exonucleolytic degradation activity of polynucleotide phosphorylase (54) . Another recent report of an exoribonuclease-associated helicase (Suv3p) has come from the characterization of a 3Ј-to-5Ј exoribonuclease complex found in the yeast mitochondria (43) . However, a role for an RNA helicase in modulating secondary structures that might otherwise block ribonucleolytic activities has to be shown in the case of pre-rRNA processing. In addition, the snoRNAs U3 and U14 base pair with extended regions within the 5Ј ETS and the mature 18S rRNA (7, 40) . Thus, it is also possible that Fal1p plays a role in the association-dissociation reactions between one of the aforementioned essential snoR-NAs and their target sequences in the pre-rRNA. Finally, we cannot exclude that Fal1p could play a role in 40S-ribosomalsubunit assembly. Extensive rearrangements between pre-rRNA and ribosomal proteins are expected to occur during the assembly reactions, which may require the involvement of different trans-acting factors, including RNA helicases. In fact, evidence suggests that ribosomal subunit biogenesis and pre-rRNA processing are tightly linked and concomitant (76) . For example, mutations in ribosomal proteins can lead to a feedback inhibition of pre-rRNA processing as a result of a ribosomal assembly defect (13, 46) . Thus, impaired pre-rRNA processing could be a consequence of improper assembly of the 40S ribosomal subunit in the absence of Fal1p.
Fal1p is not the only DEAD-box protein described to be involved in pre-rRNA processing in yeast. Dbp3p (83), Drs1p (55) , and Spb4p (59) are required for 25S rRNA processing, and Dbp4p (39), Rok1p (73) , and Rrp3p (49) are required for proper 18S rRNA maturation. Since Fal1p, Rok1p, and Rrp3p have been described to be essential for cell viability, it is unlikely that they carry out redundant functions. In addition, comparison of the primary amino acid sequence between Fal1p and Dbp4p, Rok1p, or Rrp3p shows substantial differences and the last three proteins have also N-and C-terminal extensions that contain predicted nuclear localization signals and might be involved in conferring substrate specificity.
Since eIF4A and Fal1p are the shortest DEAD-box proteins in the databases, they could form the minimal structural domain needed for helicase activity. Since mammalian eIF4A requires eIF4B for efficient in vitro RNA-binding and helicase activity (29, 57) , it is reasonable to speculate that the functional differences between eIF4A and Fal1p are mediated by specific partner proteins. Further experiments are required to elucidate the domains of eIF4A and Fal1p that make them function in the two different RNA metabolic processes. In addition, the nomenclature of the eIF4A homologs emerging from different organisms should be reconsidered. Since the highly similar Tif1/2p and Fal1p are exclusively implicated in translation initiation or pre-rRNA processing, eIF4A-like proteins should be termed "translation initiation factor 4A" only if such a function has been clearly demonstrated.
